We compare laser-induced condensation by UV laser pulses of femtosecond, sub-picosecond, and nanosecond duration between each other, as well as with respect to near-infrared (NIR) (800 nm) ultrashort laser pulses. Particle nucleation by UV pulses is so efficient that their growth beyond several hundreds of nm is limited by the local concentration of water vapour molecules. Furthermore, we evidence a dual mechanism: While condensation induced by ultrashort UV pulses rely on nitrogen photo-oxidative chemistry like in the NIR, nanosecond laser-induced condensation occurs without NO 2 production, evidencing the domination of a mechanism distinct from that previously identified in the femtosecond regime.
Laser-induced condensation by ultrashort laser pulses at 248 nm
Particle condensation by laser pulses attracts a strong interest [1] [2] [3] [4] because of its potential implications in weather modulation, remote sensing of the atmospheric conditions, as well as information it may bear about the physicochemistry of particle nucleation. 5 In the case of near-infrared (NIR) pulses, it relies on self-guided laser filaments, 6 -8 a propagation mode typical of ultra-intense laser pulses in which a dynamic balance establishes between Kerr selffocusing and higher-order negative nonlinear contributions to the refractive index, namely ionization and/or the inversion of the Kerr effect. 9, 10 The main mechanism behind NIR filament-induced condensation relies on the multiphotonexcited photochemical activation of the filament-generated plasma, resulting in the formation of ppm-range concentrations of hygroscopic HNO 3 , 11 the solvation of which thermodynamically stabilizes the growing particles. 12 Up to now, experiments on laser-induced condensation have mostly focused on laser pulses at 800 nm, by far the most widely available spectral range because of a more mature laser technology. However, ultraviolet pulses can also induce filamentation. 13 Furthermore, short wavelengths are favourable to multiphoton processes, which require 3 to 4 times less photons in the UV than in the NIR (e.g., 2 photons to photo-excite molecular oxygen, ultimately yielding ozone), allowing much higher cross sections. 14, 15 Indeed, continuous-wave UV light with a power as low as 7 W was shown to induce particle nucleation in humid conditions. 16, 17 Very recently, the same authors extended their work to pulsed excimer laser up to the sub-Joule level (0.8 J, 100 MW), evidencing the growth of the nanoparticle size distribution over up to 30 min as the result of water condensation assisted by photochemically generated H 2 O 2 .
4 By offering an intensity typically 4 orders of magnitude higher, 18, 19 focused, or filamenting ultrashort UV laser pulses can be expected to offer a much more efficient activation of nucleation and growth in the atmosphere.
Here, we compare the respective efficiencies of laserinduced condensation in air by state-of-the-art femtosecond, sub-picosecond, and nanosecond UV laser pulses. While the nanoparticle yields are rather similar for merely comparable incident peak powers, they lie typically one order of magnitude above the most powerful (3 J, $100 TW) near-infrared pulses available to date. Finally, we discuss the implications for real-conditions experiments on a large scale.
As sketched in Figure 1 , ultrashort UV (248 nm) laser pulses 20 generated by a home-built chirped-pulse amplification laser system 21 are focused from an initial diameter of 3 cm with a f ¼ 4 m, into an open cloud chamber. Given the complex beam profile, the focal region in the chamber had a typical diameter of 1.5 mm. Pulses at a repetition rate of 5 Hz were emitted either uncompressed from the exit of the main excimer amplifier (25 mJ and 700 fs), or recompressed at the cost of an almost 2.5-fold loss in pulse energy (11 mJ and 110 fs). In each case, the laser energy was varied by attenuating the beam using a tilted dichroic mirror. Comparison measurements were performed with larger f-numbers, by using a f ¼ 10 m lens as well as a collimated (unfocused) beam. Furthermore, we also investigated the effect of 20 ns long pulses of 320 mJ energy from an excimer laser in the same conditions.
The cloud chamber, similar to that described in Ref. 22 , had an inner volume of 58.8 Â 93.6 Â 69.6 cm 3 . It was thermally isolated on its inner side with polystyrene (Jackodur KF 300) foam. An upward-pointing temperature gradient was maintained in the chamber by a liquid nitrogen reservoir on the bottom, separated from the main chamber volume by a 1 mm-thick steel plate. The inner chamber temperature and relative humidity (RH) in the vicinity of the laser beam were stabilized to 15 6 1 C and 92% 6 3%, respectively, over the 3 min of each measurement.
The aerosol concentration between 2 cm and 5 cm distance from the laser beam side was monitored simultaneously by an aerosol spectrometers (Grimm, 1.109, 31 size classes from 250 nm to 32 lm, 6 s temporal resolution), each equipped with a nanoparticle detector (Grimm Nanocheck, 25-300 nm range in one single channel, and 10 s resolution). Control measurements were continuously performed by an identical aerosol spectrometer at the chamber exit to exclude any contamination of the measurement by transport of particles from outside of the chamber. The measurements were cross-checked with two condensation particle counters (CPC, TSI 3007 and 3775, offering measurement ranges 10 nm-1 lm, and 4 nm-1 lm, respectively). Simultaneously, the production of ozone and NO x trace gases was monitored by chemiluminescence of organic dyes 23 and luminol, 24 respectively. Launching the ultrashort UV laser into the cloud chamber results in the rise of the nano-as well as the microparticle concentration within less than 1 min. For 10 mJ, 110 fs pulses, the rise reaches up to 300 000 cm À3 (i.e., 100 times the background concentration) after 3 min (900 pulses) for the 25-300 nm particles, with a measured median diameter of 40 nm. The increase still amounts to 100 cm À3 , 7% of the background level, for 0.43 lm particles. A direct quantitative comparison with our previous measurements in the NIR 2,23 is difficult because of the local fluctuations due to the air turbulence around the sampling region, as well as laser fluctuations between two experiments. Furthermore, the present experimental conditions were slightly different from the ones previously performed in the NIR, in terms of geometry, temperature, and relative humidity. Therefore, we can only estimate that the effect was 5-10 times larger than when using 10 000 times more powerful NIR pulses (3 J and 100 TW). This ratio is even more remarkable when considering that it is obtained in spite of a repetition rate of 5 Hz (as compared to 10 Hz in the NIR experiments), and that the sampling distance had to be increased in the present work in order to avoid saturation of the aerosol detectors dynamic range. These semi-quantitative arguments clearly evidence the much higher efficiency of UV ultrashort pulses for particle generation, as compared to NIR ones. This higher efficiency stems from the higher photon energy, resulting in lower-order non-linearity.
Consistent with the expectation of a lower-order process, the nanoparticle formation as well as the production of NO 2 and ozone depend almost linearly on the input pulse energy (Figures 2(a) and 2(b) ), in contrast to the strongly non-linear behavior observed in the NIR. 23, 25 In contrast, larger particles (see 265 nm particles in Figure 2 (a) and mass-integrated measurements in Figure 2 (c)) increase little, and even tend to decrease with increasing incident power over the investigated energy range. Simultaneously, the total condensed mass of particles up to 1 lm increases slightly, but this increase is independent from the incident energy, while the total condensed mass of larger particles (up to 10 lm) tends to decrease for increasing energies (Figure 2(c) ).
The contrast between the respective behaviors of the smaller and larger particles can appear counter-intuitive at a first glance. It can however be understood by considering that the particle growth is diffusion-limited, as was observed in the case of NIR pulses the free atmosphere. 2 The transport towards the growing particles by diffusion of gas-phase water molecules available to condense is slow, so that at the 3-min timescale of the experiment, condensation is mainly restricted to the available stock of water vapour molecules (hence, controlled by the volume mixing ratio, VMR) in the atmosphere volume immediately surrounding the beam. Increasing the incident pulse, energy, hence the density of condensation nuclei available after the laser has been shot, induces a competition among these nuclei to harvest the available water vapor, thus limiting their growth, and consequently the concentration of larger particles. Sub-picosecond pulses (25 mJ and 700 fs), which feature a comparable incident energy and a peak power in the same range, offer a similar behaviour, as displayed in Figure 3 .
The production of ozone and NO 2 by the ultrashort UV laser pulses suggests that the mechanism by which they induce condensation is similar to that reported in the NIR, based on multiphoton oxidative photo-chemistry of nitrogen, resulting in hygroscopic HNO 3 stabilizing the growing particles. 2, 12 The corresponding remaining non-linearity of this process is evidenced by considering the effect of the beam focusing ( Figure 4 ). While the efficiency of a fully linear process would be independent on focusing, we find that a tight focusing (f ¼ 4 m) strongly increases the yield of UV femtosecond pulses on particle formation, again evidencing the influence of the input intensity. A loose focusing (f ¼ 10 m) and a collimated beam are 1.5 and 100 times less efficient, respectively, in nanoparticle production at a moderate energy up to a few tens of mJ.
This much higher condensation efficiency in tightly focused beams strongly contrasts with the behavior observed in the NIR, where a collimated beam activates a larger volume in the atmosphere due to multiple filamentation over a longer range and results in more efficient condensation. 25 It can be related to the difficulty to generate laser filaments in the UV. 13 Together with the strong Rayleigh scattering, this finding underlines the need for further evaluation of the applicability of UV pulses to induce condensation over long ranges in the atmosphere: In spite of the higher particle yield, the spatial extension of the activated volume is much shorter.
The effect of ultrashort (fs and sub-ps) UV pulses contrasts with that of much longer pulses (20 ns) of moderate energy (up to 350 mJ). As displayed in Figure 5 nucleation of particles in this case increases linearly with the input energy, consistent with the low incident power ( 15 MW) and intensity ( 30 MW/cm 2 ). However, the net increase of condensed mass is limited to larger particles (up to 10 lm, see Figure 5 (c)), a behavior opposite to the short pulse case. We attribute this more efficient particle growth to the larger active volume in the case of nanosecond pulses. While self-focusing of femtosecond pulses tends to restrict the active volume to the narrow focal region, the nanosecond pulses offer a much wider and more homogeneous waist. This larger volume maximizes the amount of water molecules in the gas phase, available for condensation feeding the particle growth.
Furthermore, in contrast to the case of ultrashort pulses, condensation by nanosecond pulses is not accompanied by production of NO 2 ( Figure 5(b) ), clearly indicating a different photochemical pathway, which may imply on the photooxidation of volatile organic compounds and/or hydrogen peroxide, as recently proposed in similar experimental conditions. 4 The latter, which only needs one-photon excitation, depends linearly on the incident energy and would therefore dominate at low power, while multiphoton phenomena like that relying on HNO 3 (Refs. 2 and 12) would be more efficient in shorter pulses and higher intensities.
As a conclusion, we have observed the formation of nano-and micro-particles induced by UV laser pulses, in the femtosecond, sub-picosecond, as well as nanosecond regimes. The effect of ultrashort pulses appears to rely on a nitrogenbased process comparable to that evidenced in the case of NIR pulses, while VOC photo-oxidation and/or hydrogen peroxide production 4 offer a one-photon excited pathway dominating in the case of nanosecond pulses. The much higher condensation efficiency as compared to 100-1000 times more powerful and energetic NIR pulses 23 stems from a $3 times higher energy per photon. Further work is in progress to assess the scalability of these results to the atmospheric scale.
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